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Effects of Sodium Octaborate on AISI 4140 Steel Machined by Die-sinking EDM
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Researchers are constantly developing processes aiming to improve the properties of metal
surfaces, especially related to the wear resistance of components, as in the case of the nitrided layer
obtained by die-sinking electrical discharge machining (EDM). Following this line of research, this
work investigated the effects of sodium octaborate (Na,B,O,,.4H,0), mixed into deionized water as a
dielectric fluid on AISI 4140 steel surfaces machined by die-sinking EDM. An adapted EDM machine
was employed in the process using electrolytic copper as tool. The effects on AIST 4140 steel-machined
surfaces were evaluated by optical microscopy, Vickers microhardness, X-ray diffraction, and energy
dispersion X-ray spectroscopy (EDS) analyses. The results showed a hardness gain of approximately
146.8% in the modified layer when compared to the AISI 4140 steel (base material). This suggests
the formation of a borided layer, such as the Fe B phases identified on sample surfaces, which can be
explained by the boron element decomposed from the dielectric solution.
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1. Introduction

For metals applications where better properties such
as wear resistance and corrosion resistance are required,
thermochemical treatments (e.g., carburizing, nitriding,
and boriding) are generally applied!. The boriding aims
to diffuse boron (B) on the surface of metallic substrates.
Due to its relatively small atomic radius of 87 picometers?,
the light boron atom diffuses into various metallic materials®.
The diffusion of boron on the surface of metallic alloys
creates a dense region of metallic borides, which effectively
generates superior surface properties®. The borided layer
combines high hardness with a low friction coefficient, which
helps to combat the main wear mechanisms (e.g., adhesive,
abrasive, and surface fatigue).

Several thermochemical boriding techniques are used
on the surfaces of the metallic material such as diffusion
by solid, liquid, and gaseous media®. In addition, physical
techniques are also used, for example, boron ion implantation,
glow discharge conditions, and high-energy techniques.
According to Kulka’, in the boriding high-energy techniques,
the high-energy electric field between the voltage supply
source and the workpiece generates a beam that accelerates
the ions, which deploy the boron as soon they collide with
the surface. This thermochemical process provides the
necessary conditions to create a boron-modified superficial
layer with superior properties, especially related to the wear
resistance of the component.
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According to Sinha®, plasma boriding is applied in industry
to increase the surface hardness of ferrous alloys. Plasma
can be generated by passing an electrical current through a
gas. Even a relatively small percentage of charge is enough
to make it electrically conductive’. Plasma is an ionized
gas, generally electrically neutral, consisting of molecules,
atoms, ions, electrons, and photons®. Electrical charges are
normally used to produce plasma through ionization’ in
the same gas. The plasma treatments are associated with
positive ions produced in the gas phase through electron-
molecule collisions to the surface to be treated, which occurs
through the bombardment of ions, electrons, and photons,
produced in the plasma'®. Figure 1 schematically illustrates
the physical-chemical interactions that occurs between the
substrate surfaces and the ions-plasma-metal interface''.

The collisions of the accelerated electrons in the magnetic
field provide enough energy to cause new collisions, and
consequently maintain the electrical discharge and ionization of
the plasma channel'?. The kinetic energy that the ions acquire
is enough to promote the transport of chemical elements
such as nitrogen and carbon that interacts physically and
chemically with the surface undergoing diffusion treatment'*.
Plasma boriding enables the boron element diffusion on
the surface of metals and metal alloys. The compounds
formed on the surface are similar to those obtained by other
boriding methods'. The interaction between the surface and
the dissociation of the ionized gas from the plasma channel
results in the release of positive ions that have sufficient
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Figure 1. Schematic of ions with surfaces interaction [Adapted
from Chapman and Vossen''].

attractive force to move towards the treated surface'.
The diffusion mechanism depends on the microstructural
type of solution formed with the base metal and the relation
between the size of the additional atoms and the size of the
matrix’s atoms'®. Due to the small atomic size of the boron
element, its diffusion in ferrous materials is favored'’. Based
on that, the atoms are transferred using thermal energy to
the lattice of the parent material forming borides together
with the atoms in the crystal lattice'®. The flow of electrons
and ions propagates rapidly between the electrodes along a
path charged by a primary avalanche, which promotes the
formation of more electrons and ions'.

Surface treatment of materials has been a subject of
high interest in the scientific community. Several efforts
have been employed in the findings of new techniques and/
or different methods that can promote better and specific
properties to surfaces!’. Plasma electrolysis treatment is
one of these methods, which consists of applying a voltage
between two electrodes immersed in an electrolyte solution®.
Taktak?' used borax and boric acid to form an electrolyte
solution and thus study the boriding process in AISI H13 tool
steel. The plasma channel is created when an electric field
is formed in the space between the electrodes. Once the
plasma channel is stable, it concentrates the positive ions
near the cathode, enabling electrical, thermal, and chemical
interactions with the surface, and then, provides the conditions
for the metallic surfaces treatments*?. Figure 2 illustrates
the schematic configuration of the deposition process of
boron by plasma electrolysis on AISI 2365 steel used by*.

According to Sireli*, the process of boriding by electrolytic
plasma is a promising alternative. The implantation of boron
on the substrate occurs due to electrochemical reactions
promoted by the electric current. During electrolytic plasma
boriding, the diffusion and reaction of boron atoms with the
metallic substrate form interstitial boron compounds, with a
resulting layer consisting of metallic borides®.

Electrical Discharge Machining (EDM) is a nonconventional
machining process of electrically conductive material,
which generates thermal energy through a plasma channel
from each electrical discharge. During the EDM process,
a portion of the material evaporates, and the other forms a
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Figure 2. Schematic diagram of pulsed plasma electrolysis setup
[Adapted from Akytiz and Tek>].

recast layer due to the cooling promoted by the dielectric
fluid*. Several theories have been formulated about the
process of material removal by the EDM process. Among
them, the thermoelectric theory is the most accepted by
researchers, and according to Konig?, that theory can be
described as a sequence of four distinct steps: (a) ignition;
(b) discharge; (c) plasma channel formation; (d) ejection
and/or waste sublimation, as shown in Figure 3.

The steps takes place in the working gap between the
two conducting electrodes submerged in the dielectric fluid.
In the ignition phase (Figure 3a), the electrons released by
the cathode accelerate and collide with the molecules that
constitute the dielectric fluid. The collisions release other
electrons and create ions, establishing a cycle of ionization
by impact (Figure 3b). Then, the formation of the plasma
channel occurs (Figure 3c) due to the energy released by
the collision of electrons. The plasma channel is maintained
during the discharge time, which is one of the adjustable
parameters on the EDM machine. During the fusion phase,
the cathode surface material starts to fuse due to the energy
of intense bombardment by electrons and ions. At the end
of'the discharge time, the electric current is interrupted, and
the plasma channel is abruptly broken, triggering the next
phase, ejection (Figure 3d). The plasma channel causes the
fusion and sublimation of the material surface, heated by
the high energy of the plasma. However, the dielectric fluid
does not completely remove the molten material, and part
of it solidifies again in the cavity of the cathode, forming
the recast layer?’.

Disodium octaborate tetrahydrate is an odorless white
solid that converts to boric acid when dissolved in water,
according to Equation 1:

Na;BgO;3.4H,0+9H,0 — 2NaB(OH), + 6B(OH), (1)

In aqueous solutions of sodium octaborate tetrahydrate,
chemical equilibrium is established where boric acid binds
to the hydroxyl groups resulting from the auto-ionization of
water molecules. At low boron concentrations (B <0.025 M),
the equilibrium can be described according to Equation 2:

B(OH), +2H,0 | B(OH), | +H;0" )
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Figure 3. The phases of an electrical discharge in EDM [Adapted from K6nig?'].

At higher boron concentrations (B > 0.025 M), the
equilibrium is established between boric acid and more
complex polynuclear anions, such as B,O,(OH),” B,0,(OH)4%,
B,0,(OH)5*, B,O,(OH)4  and B(OH)4". In summary, one
can represent such conditions in Equation 3:

B(OH)3 > polynuclear anions <> B(OHy) 3)

In the presence of metallic ions, such as Na®, Mg, Ca*’,
etc., the equilibrium is shifted towards the formation of
cation [metallic] + anion [borates], according to Equation 4:

M" +B(0H),” & MB(on)," )

The dielectric fluid is constituted by the aqueous
solution of sodium octaborate tetrahydrate. The presence of
Na* cations shifts the equilibrium in favor of dissociation,
which decreases the concentration of molecular boric acid
and increases the concentration of ions boron dissolved in
the aqueous medium.

Regarding surface treatments, several researchers have
studied surface modification through die-sinking electrical
discharge machining (EDM), with significant improvements
reported®-3°. For instance®, reported that the layer produced
on the component surface machined by EDM was enriched
with carbon from the hydrocarbon-based dielectric fluid due
to the decomposition reaction. Researchers are interested in
developing easily manageable and cost-effective surface
modification technology®**!. Thus, the main goal of this
work was to evaluate the effects of sodium octaborate
(Na,B,O,.4H,0) mixed into deionized water as dielectric
fluid during the AISI 4140 steel machining by die-sinking
EDM, employing electrolytic copper as a tool. It was used
X-ray diffraction (XRD) to identify the formation of a borided
layer, whose peaks from diffractograms where analyzed and
compared to existing patterns’.

2. Experimental Procedure

This work was conducted on a conventional die-sinking
EDM machine Servspark Eletroplus 540 model. Some
modifications were carried out on the machine to enable the
application of the boriding process by EDM; similar to what
was proposed by other researchers®*3* when the nitriding
method by die-sinking EDM was applied.

.
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Figure 4. EDM machine’s auxiliary tank (Authors, 2022).

2.1. EDM machine modifications and preparation
for the boriding process

A 304 austenitic stainless steel auxiliary tank was
manufactured and installed inside the EDM machine main
work tank (Figure 4). The Figure 4 also highlights the
schematic drawing of the tank interior with the tool and
workpiece assembled to the electrode holder and sample
holder, respectively, as well as it shows the flushing system.
The auxiliary tank prevents contamination of the dielectric
fluid of the machine with aqueous dielectric fluids used
during the EDM process. A centrifugal pump was assembled
in the auxiliary tank to enable the flushing and cleaning of
the work gap using the same dielectric fluid solution, which
is deionized water with sodium octaborate (Na,B,O ,.4H,0).

AISI 4140 steel samples (19.00 mm diameter and 13.00 mm
thickness) were used as base material and workpiece, since
this material is extensively used in automotive components in
the boriding condition*. As tool electrodes, it was employed
cylindrical electrolytic copper samples (22.00 mm diameter
and 30.00 mm length). Table 1 presents the AISI 4140 steel
chemical composition (wt. %), performed using an optical
emission spectrometer (OES) SPECTROMAXx, model
LMXM5M-BT.

The dielectric fluid was prepared with 30 liters of water
obtained from public supply, which had high initial electrical
conductivity (160 uS cm™) and was therefore deionized
using a resin-based portable deionizer, reaching the value
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Table 1. Chemical composition (wt. %) of AISI 4140 steel used as base material.

Element C Mn P

Si Cr Mo Fe

Wt. % 0.402 0.803 0.012

0.003

0.327 0.893 0.183 Balance

of 0 uS ¢cm™. Sodium octaborate (Na,B,O ,.4H,0) was
diluted in deionized water to form an aqueous solution at a
concentration of 16.6 g L.

Table 2 shows the operating parameters adjusted in the
die-sinking EDM machine that enabled the application of
the EDM boriding process. The test duration for each sample
was 10 minutes.

2.2. Techniques and mechanical tests used in the
work after the EDM process

The recast and intermediate layers hardness, as well as
the substrate hardness, were measured by the Vickers method
in a Shimadzu HMV-2T E microhardness tester with a load
of 25 gf**35 and dwell time of 15 seconds. The hardness
indentations were performed in the sample’s cross-sections
following a minimum indent spacing of 20 pm and were
repeated three times. Hardness profiles were performed with
the aid of images obtained by optical microscope with Easy
Test HMV-AD software incorporated into the microhardness
tester in order to verify the behavior of the hardness when
moving away from the surface. Micrographs of the recast
layers and intermediate layers were obtained using an optical
microscope incorporated at the microhardness tester.

X-ray diffraction with Bragg-Brentano (6-26) configuration
was used to identify the presence of iron borides. Table 3 shows
the diffractometer technical specifications used in the work.
Before performing the XRD analyses, the samples were
previously cleaned with alcohol in an ultrasound device
for 15 min.

Scanning Electron Microscopy (SEM) was employed
to obtain images of the samples cross-section using the
Shimadzu SSX-150 model to evaluate the altered layers
after the EDM process. The Energy Dispersive X-ray
Spectroscopy (EDS) analyses were performed in regions of
the recast and intermediate layers to investigate the presence
of the boron element.

3. Results and Discussion

Figure 5 shows the proposed model to represent the
boriding phenomena through die-sinking electrical discharge
machining. At the beginning of the process (ignition phase of
the plasma channel), the potential difference or voltage (Volts)
generated in the electric field accelerates the electrons from the
cathode, which on their way towards the anode, collide with
the molecules present in the dielectric fluid. Such collisions
are energetic enough to ionize the compounds present in the
aqueous medium. Consequently, from the moment that the
plasma channel is established, the B** ions (originated from
the impact ionization process) are accelerated towards the
cathode (AISI 4140 steel), thus resulting in the workpiece
surface boriding by EDM.

According to Yerokhin et al.*®, in the electrolytic plasma
process, nitrogen and carbon atoms are transferred from the
electrolyte to the surface. The diffusion of the elements that

Table 2. Operational parameters used for the EDM process.

Parameter Specification

Sodium octaborate
(Na,B,O ,.4H,0)

16.6 [gL"]

Dielectric fluid

Dielectric concentration

Tool Electrolytic copper
Tool polarity Positive [+]

Peak current 40 [A]

Pulse-on time (T,) 500 [us]

Pulse-off time (T ) 1.5%

Gap 1.0*

Periodic tool retraction 5.0%

Servo speed 5.0*%

Erosion time 5.0%

Test duration per each sample  10.0 [mm]

* Fixed values adjusted on the EDM machine panel.

Table 3. Selected parameters for XRD analyses.

Parameter Specification

X-ray source Cu Kal radiation (A = 1.5406 A)
X-ray tube voltage 40 kV

X-ray tube current 30 mA

Method Bragg Brentano (6-260)
Range (20) 20° to 120°

Scan mode Fixed time

Scan step size 0.04°

Collection time Is

Anodic Heat
.| AffectedZone

Compressed |._|
Dielectric Fluid

Cathodic ) : @
Crater |35 NSRS~

Cathodic Heat 3
Affected Zone

Figure 5. Schematics of the proposed model for the boriding process
by EDM. (Authors, 2022).
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compose the electrolytic fluid is possible due to the plasma
channel created along the electrode surface, allowing the
formation of metastable phases in the microstructure due to
thermochemical reactions. The hypothesis of implantation of
boron in the material is pertinent since there is a source of
boron in the aqueous solution formed by sodium octaborate
diluted in deionized water. The plasma channel energy is
sufficient to decompose the constituents present in the boric
acid solution and release the positive boron ions according to
the reactions presented in the introduction of this article. During
the discharge period, the energy irradiating from the plasma
channel causes ionization, dissociation, and vaporization of
the molecules in the electrolytic fluid surrounding the channel.
When discharge time ends, due to the decrease in energy flow
reaching the electrodes, the molten craters begin to solidify.
The model represented in the figure is similar to the boron
transfer mechanism presented in the conventional plasma
boriding process. The positive ions accelerated towards the
surface of the cathode, promoting heating and discontinuity
in the network due to the bombardment of the ions, which
are implanted in the microstructure of the treated material.

Ozerkan®’ conducted a study on the EDM machining
process using boron powder, and obtained good results with
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Figure 6. Variation of solution electrical conductivity as a function
of the amount of sodium octaborate added to deionized water.

" Bage material | |
—_—

()

the boron implantation on the machined by EDM material
surface. The EDM boriding process takes place in short
times (us), simultaneously reconciling boriding with the
machining of the workpiece. The process is simple, easy to
manage and requires little maintenance, depending on just
a few adaptations in the EDM machine. The EDM boriding
process had to act in a dielectric fluid with high conductivity,
composed of deionized water and sodium octaborate. Despite
using deionized water (0 uS cm™), when sodium octaborate
(source of boron) was added in the fluid, the conductivity
of the solution grows exponentially (Figure 6), reaching a
value of 7000 uS cm™, approximately. Santos et al.’®, faced
a similar challenge, as when they mixed up to 12.5 g 1! urea
in deionized water, they found electrical conductivity of
4t0 1570 uS cm’'.

Figure 7 shows the AISI 4140 steel cross-section borided
by EDM with dielectric fluid composed of sodium octaborate
(Na,B,O,,.4H,0) added to deionized water and using electrolytic
copper as a tool electrode. Figure 7(a) shows the formation
of the recast and borided (intermediate) layers, similar to
what*® observed in the nitriding by EDM process. Part of the
recast layer fractured and detached from the sample surface,
and its layer was not uniform. Instead, the intermediate layer
appeared in the entire sample cross-section. Figure 7(b) shows
the SEM image of the AISI 4140 steel sample cross-section
borided by EDM. The authors also noted the difference between
the indentation sizes produced by Vickers microhardness,
with emphasis on the two indentations in the base material,
whose sizes are larger than the ones on the modified layer.
This occurs due to the increase in hardness provided by the
boriding process, as also reported by*°.

Table 4 shows the Vickers microhardness (25 gf,
15 s) of the AISI 4140 steel layer borided by EDM with an
electrolytic copper tool. Note that there are gains of 146.8%
and 185.8% in the hardness of the borided (intermediate)
and recast layers, respectively. The increase in hardness of
the recast layer is due to metallurgical changes provided
by heating followed by suddenly cooling that comes from
dielectric fluid, as reported by*.

()

Figure 7. Cross-section of AISI 4140 steel borided by EDM with electrolytic copper tool electrode: (a) optical microscopy image (Nital
3%); (b) SEM image.
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Table 4. Vickers microhardness of AISI 4140 steel (base material), and of borided and recast layers.

AISI 4140 steel (base material)

Borided (intermediate) layer Recast layer

Microhardness (HV) 288.8 £ 18.2

712.8 = 83.1 8254 + 734

Increase in hardness -

146.8% 185.8%

AISI 4140 steel

)

T 3
100 120

L

@

AISI 4140 steel
Borided by EDM

Intensity [cps]

(b)
20

Figure 8. X-ray diffractograms of the AISI 4140 steel (base material)
and of the borided by EDM sample with a copper too

In order to investigate the reason for the hardness
increase on the AISI 4140 steel borided by EDM, it was
performed X-ray diffraction on the samples cross-sections,
as shown in Figure 8. Note that the iron boride peaks are
shown in the EDM processed sample when compared to
AISI 4140 steel (base material), which is similar to that
reported by’. The most intense peaks of the diffractogram
are similar to the ones observed by*!, which found the Fe, B
iron borides, as well as similar results were found by*.
This occurs due to the collision mechanism of ions and
electrons that caused the rupture of the dielectric fluid, with
enough energy to decompose the constituents present in
the solution (sodium octaborate mixed in deionized water)
and enable the addition of boron to the surface through the
plasma channel. The insertion of boron, which resulted in
iron borides, can explain the increase in surface hardness?,
as reported by*, an increase of up to 5 times the surface
hardness as a result of the boriding process at 1000 °C for
4 h. The increase in hardness values shown in Table 3 can
be attributed to the borided layer produced, as also noted
by*. A borided layer thickness of approximately 50.6 um
can also be seen in Figure 4, corroborating the data from*,
which obtained a borided layer of approximately 51 um on
PM HSS AISI M2 steel. While** obtained experimentally
a Fe,B boriding layer thickness from 20 to 160 um when
both the process temperature and treatment time varied from
850 to 1000 °C and from 2 to 8 hours, respectively. Zuno-
Silva et al.®, obtained equivalent results and noted a Fe,B
layer thickness increase with treatment time, and obtained
a layer thickness from 41.93 + 8.25 um for 2 h to 95.48 +
17.4 um for 8 h at 900 °C.

Corroborating the data from*“®, the results indicated
that the boriding process is possible by employing adapted
EDM equipment, similar to what was observed by* when
they used the EDM machine to nitride AISI 4140 steel, and
by*® when they investigated the formation of the nitride

layer in AISI H13 steel machined by die-sinking EDM.
The borides produced by the chemical reaction between the
AISI 4140 steel and the boron element, decomposed from
sodium octaborate (Na,B,O ,.4H,0) in deionized water,
indicated the feasibility of surface modification of the AISI
4140 steel through the EDM adapted machine.

4. Conclusions

Based on the results obtained in this work, it can be

drawn the following conclusions:

e  The methodology applied in this work by using
adapted die-sinking Electrical Discharge Machining
(EDM) equipment, with sodium octaborate
(Na,B,0,,.4H,0) as dielectric fluid, allowed obtaining
higher hardness in the AISI 4140 steel surface and
subsurface compared to the base material.

e  [twas able to obtain microhardness gains of 146.8%
and 185.8% for the intermediate and recast layers,
respectively, compared to AISI 4140 steel (base
material), which suggests the presence of iron
borides (Fe,B) identified by X-ray diffraction.

e  The presence of this phase can be explained by the
chemical element boron (decomposed from sodium
octaborate, Na,B,O ,.4H,0, mixed with deionized
water), which was observed in the produced layers
through the obtained SEM-EDS spectrum.

e [t was able to use optical microscopy images to
observe the uniformity of the borided (intermediate)
layer, which differed from the recast layer that
detached from the AISI 4140 steel sample surface.

e  The high electrical conductivity value obtained for
the sodium octaborate diluted in deionized water
(approximately 7000 puS/cm) resulted in difficulty
in carrying out the process. However, it did not
prevent the boriding by EDM in AISI 4140 steel.
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